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Testicular cancer (TC) is the most frequent solid tumor diagnosed in young adult males.
Although it is a curable tumor, it is frequently associated with considerable short-term and
long-term morbidity. Both biological and psychological stress experienced during cancer
therapy may be responsible for stimulating molecular processes that induce premature
aging and deterioration of immune system (immunosenescence) in TC survivors, leading
to an increased susceptibility to infections, cancer, and autoimmune diseases.
Immunosenescence is a remodeling of immune cell populations with inversion of the
CD4:CD8 ratio, accumulation of highly differentiated memory cells, shrinkage of
telomeres, shift of T-cell response to Th2 type, and release of pro-inflammatory signals.
TC survivors exposed to chemotherapy show features of immunological aging, including
an increase in memory T-cells (CD4+ and CD8+) and high expression of the senescence
biomarker p16INK4a in CD3+ lymphocytes. However, the plethora of factors involved in
the premature aging of TC survivors make the situation more complex if we also take into
account the psychological stress and hormonal changes experienced by patients, as well
as the high-dose chemotherapy and hematopoietic stem cell transplantation that some
individuals may be required to undergo. The relatively young age and the long life
expectancy of TC patients bear witness to the importance of improving quality of life
and of alleviating long-term side-effects of cancer treatments. Within this context, the
present review takes an in-depth look at the molecular mechanisms of
immunosenescence, describing experimental evidence of cancer survivor aging and
highlighting the interconnected relationship between the many factors modulating the
aging of the immune system of TC survivors.
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INTRODUCTION

Testicular cancer (TC) is the most frequent solid tumors in males,
accounting for 1–1.5% of all cancers in men. Its incidence is
increasing worldwide. Although TC affects relatively young men
(between the ages of 20 and 40), it is a curable tumor with a 5-year
survival rate of 98% for localized disease (1, 2). Successful
management of TC is based on both the correct use of diagnostic
tools (including tumormarkers) and the selection of the appropriate
treatment. In patients with localized disease, surgical treatment may
be curative, while in case of recurrent or metastatic disease,
platinum-based chemotherapy regimen is the therapy of choice
(3, 4). Moreover, patients with progressive disease could receive
standard- or high-dose chemotherapy as second line (5–8). In case
of high-dose chemotherapy, autologous hematopoietic stem cell
transplantation (HSCT) is necessary to restore bone marrow
function. The use of high-dose chemotherapy is associated with a
high rate of long-term remissions (7–10), however, there are still no
prospective studies that have demonstrated an advantage of one
chemotherapy approach over another, and both standard-dose and
high-dose treatment represent two valid options for patients with
relapsed disease (11, 12).

Although the high response rate, TC survivors could develop
short- and long-term morbidity. The early onset of age-related
diseases and the expression of biological markers indicative of
precocious aging of the immune system (known as
immunosenescence) have been hypothesized as consequences
of the stress caused by the many challenges faced by patients
during the course of the disease (including aggressive therapeutic
regimens and psychological distress) (13–17).

Given that TC survivors generally have a good life expectancy,
their quality of life must be guaranteed. Addressing the long-
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term effects of TC treatments and the correlated molecular
events is thus an important part of patient management. In
this review, we focus on the phenomenon of immunosenescence
and its mechanisms, contextualized to the types of cellular stress
that may affect TC survivors.
HALLMARKS OF IMMUNOSENESCENCE

Immunosenescence or immune aging is the functional decline of
the adaptive and innate immune systems generally associated
with aging (18, 19). During youth, the immune system is
quiescent in normal conditions but promptly responds to
antigen stimulation. In contrast, the immune system of the
elderly is in a state of mild activation and it is not able to
adequately response to stimulation. This leads to a chronic pro-
inflammatory state that reduces the immune competence of the
individual and, from a clinical point of view, it is correlated with
a higher rate of morbidity and mortality (19, 20).

Immunosenescence has been widely reported in aged
individuals, as a result of the chronic antigen stimulation and
cellular stress encountered throughout life (21–23). However,
other factors are also associated with the acquisition of
precocious senescent features in immune cells, including tissue
damage, oxidative stress, cytotoxic therapies, DNA damage,
chronic inflammation, and chronic psychological stress (13,
24, 25) (Figure 1).

The adaptive response is the immune compartment most
widely affected by immunosenescence, with T cell functions
undergoing profound and consistent changes during aging
(21, 23). A progressive decline in T cell clone expansion in
bone marrow and thymus induces a decrease in the number of
FIGURE 1 | Cancer diagnosis and treatment induce biological and psychological stressors that may promote premature aging of the immune system and exert
long-term effects on the quality of life.
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naïve T lymphocytes. Thymic involution occurs, leading to a
progressive decrease in the naïve T-cells exiting the thymus (26,
27). Although the underlying mechanism of this regression is not
fully understood, it is believed to be correlated with hormonal
changes, oxidative stress, and infections (27, 28). Peripheral
expansion is also reduced during aging, mainly due to
repetitive stimulation by antigens, which induces a progressive
differentiation of T cells. Highly differentiated T cells lose the
costimulatory molecule CD28, necessary for TCR signaling, and
accumulate features of senescence (i.e CD57 and KLRG1), with
late-differentiated cells reaching the limit of replication (29) and
acquiring markers of senescence (in particular, increase in
p16INK4a in peripheral blood CD3+ cells and in SASP
phenotype in both T and B cells) (30–33). This results in the
filling of immunological space with T-cells with reduced
proliferation ability, that secrete pro-inflammatory cytokines
(e.g. IL10, IL6, and TNF) and that has a reduced T-cell
receptor (TCR) repertoire (21, 23, 34). It has also been seen
that T-cells may acquire new functions, such as suppressive
activity and higher cytotoxic potential (29, 35–38).

Generally, aging brings about an increase in CD8+ T-cells,
leading to a decrease in the CD4+/CD8+ ratio as CD4+ T-cells
appear to be more resistant to age-related changes. However, an
increase in late-memory CD28-negative cells has also been
reported in the CD4+ compartment (35, 39, 40). It has been
seen that alterations in T-cell functionality may influence
polarization of T-helper cells, with a shift in the Th1/Th2-
balance to a predominantly Th2 phenotype. In fact,
lymphocytes from older individuals produce low levels of the
Th1 cytokines IL-2, IFN-g, and IL-12, while higher levels of the
Th2 cytokines, IL-4, IL-5, IL-6, and IL-10 are secreted. This
contributes to the altered immune response and to the higher
susceptibility to infections seen in elderly people (41).

Several other alterations occurring during aging have also
been reported in the B cell compartment, e.g. a decrease in naïve
B cells and an accumulation of memory CD27 lymphocytes.
Moreover, an increase in autoreactive antibody production and a
decrease in the BCR repertoire are seen during aging, reflecting
the greater susceptibility to autoimmune diseases and the lower
responsiveness to infections and vaccinations of the elderly (42).

Immunosenescence is also known to affect innate immunity.
Macrophage precursors decrease during aging and show telomere
length reduction with decreased secretion of GS-CSF and other
cytokines (e.g.TNF-alpha and IL-6) (43). Conversely, the number of
neutrophils is preserved in the elderly despite the reduction in CD16
Fc expression, indicating an impairment of phagocytosis and of the
generation of super-oxide mediated by CD16 Fc receptors (44).
Moreover, the cytotoxic activity of natural killer (NK) cells
decreases, marked by a reduced interferon secretion, which may
affect their ability to eliminate tumors or viral-infected cells (45).
Finally, expanded features of immunosuppression have recently
been identified during the aging process. Increased numbers of
circulating myeloid-derived suppressor cells (MDSCs) and
regulatory T-cells (Tregs) have been reported in older mice and
humans, further inhibiting the antigen-induced activation of helper
and cytotoxic T cells (46, 47).
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In brief, immunosenescence is caused by a complex
remodeling of all the components of the immune system that
may impair its ability to mount an effective defense. Whilst this
process is unavoidable during physiological aging, several other
pathological conditions may also be capable of impairing
immune function.
EFFECT OF CANCER TREATMENT
REGIMENS ON IMMUNOSENESCENCE

There is increasing evidence that some cancer treatments may
induce cellular senescence and aging of the immune system, with
implications for the development of secondary medical
conditions later in life (13) (Table 1). Cytotoxic drugs
(including cisplatin, alkylating agents, and anthracyclines) and
radiotherapy have been shown to cause cellular senescence in
both in vitro and in vivomodels (59–61), with induction of DNA
damage, epigenetic alterations and telomere attrition (13, 50, 62).
A longitudinal study on breast cancer survivors treated with
surgery, radiotherapy or chemotherapy showed that cytokine
levels (TNF-alpha and IL-6) were significantly higher in patients
than in untreated controls 6 and 18 months after the end of the
primary cancer treatment (51). Moreover, expansion of memory
T-cell CD28- CD57+ and increment of epigenetic aging were
reported after radiotherapy alone or in combination with
chemotherapy in breast cancer patients (15, 52), while
accumulation of CD57+ T cell was observed in colorectal
patients (49). More recently, a study conducted on 60
pediatric-adolescent cancer survivors revealed a higher
expression of p16INK4 in CD3+ cells in patients than in the
age-matched healthy population 5–6 years after the end of
chemotherapy. The increased senescence was associated with
the intensity of chemotherapy regimens and the severity of the
frailty phenotype of the patient (60).

HSCT may also play a role in the induction of
immunosenescence in that it induces replicative stress in
transplanted stem cells whose job is to reconstitute the
immune system (63), causing them to undergo accelerated
aging. Consequently, the prevalence of myelodysplasia and
secondary malignancies increases after HSCT (64). An increase
in senescent features and a reduction in cytokine production
have been reported in T-cells of pediatric patients undergoing
HSCT (48). Moreover, some studies have analyzed the effect of
HSCT combined with total body irradiation or high-dose
chemotherapy on the immune system of cancer patients. High-
dose chemotherapy combined with autologous stem cell
transplantation has been associated with low number of naïve
and accumulation of CD28- T-cells, and high expression of
senescence markers was detected in CD3+ cells several years
after the end of treatment (53, 55). Additionally, chemotherapy
in combination with total body irradiation and HSCT has been
associated with long-term epigenetic alterations of genes
responsible for immune/inflammatory processes and oxidative
stress (16). To date, only one paper has described the recovery of
the immune system after chemotherapy and HSCT (57).
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Lázničková et al. reported that, although pediatric patients with
neuroblastoma showed features of immunosenescence at early
time-points (1–4 years) after treatment, they also began to show
signs of immune reconstitution 5 or more years after diagnosis
(57). However, the possibility of premature aging of the immune
system at later time-points cannot be excluded and, as already
stated, recovery has not been reported in survivors of other
cancer types (16, 50, 49).

Only one study has been conducted to date on the long-term
effects of chemotherapy on the immune system of TC survivors
(58). Bourlon et al. compared TC patients undergoing
chemotherapy (≥3 cycles of PEB) with a cohort of healthy age-
matched men, reporting that cancer patients had significantly
lower levels of T cells and CD4+ cells in total lymphocytes than
the control group. Increase of memory cells number was detected
in both CD4+ and CD8+ compartments, whereas memory B
cells unexpectedly decreased. Moreover, CD3+ cells expressed
higher levels of p16INK4a, suggesting the induction of a
senescent phenotype (58). Even if few cases were analyzed, this
is the first study to identify an aged immune system phenotype in
TC survivors. Additionally, a correlation between a higher
systemic inflammation index and poor prognosis was reported
in TC patients, especially in relation to PDL1 expression (65).
However, further studies are needed to address the role of other
factors specific to a TC context (e.g. residual serum platinum
Frontiers in Oncology | www.frontiersin.org 4
levels, psychological stress, and different therapeutic schedules)
in the aging phenotype.
PSYCHOLOGICAL STRESS AND
INDUCTION OF IMMUNOSENESCENCE

The majority of TC survivors report good physical functioning
and a relatively high health-related quality of life (66). However,
as TC is acknowledged as both a highly distressing and
potentially traumatic life event, it may override an individual’s
perceived ability to cope with the disease, eliciting emotional,
behavioral, and physiological reactions that generate conditions
of acute and chronic stress (67–69). The typically young age of
patients at diagnosis and the existential challenge of a life-
threatening disease and physical complications can interfere
with psychological well-being both during and after treatment,
inducing psychological distress and morbidity (65). The levels of
psychological distress in TC survivors are higher than in
noncancerous reference populations, with a more prevalent
and severer anxiety (between 9 and 27%) and a greater fear of
cancer (70–74). In most studies, depression in TC survivors
appeared no more prevalent than in the general population
although an Australian study did find higher rates of, and
TABLE 1 | Reports of immunosenescence phenotype associated with cancer treatment.

Reference No.
cases

Cancer type Time
after

treatment

Group comparison Immunosenescence evidence

Daniel et al.
(16)

44 Pediatric cancer >10 years ChT+RT+HSCT vs
ChT

Accelerated epigenetic aging of T cells and increased production of Th1
cytokines in the irradiated cohort

Lee et al.
(48)

21 Pediatric/young adult cancer
and other non-malignant
diseases

1–3 years Donor vs recipient
after allogeneic HSCT

Expansion of senescent T cells (CD28− or CD57+) in recipients, and
decrease in ability of cytokines to produce CD4+ cells

Smitherman
et al. (49)

69 Pediatric cancer 5–6years ChT vs healthy
controls

Increased p16INK4a expression in CD3+ cells of cancer survivors. Positive
correlation between p16INK4a expression and patient frailty

Song et al.
(50)

2,427 Pediatric cancer >5 years ChT, RT vs healthy
controls

Telomere length was lower in cancer survivors and was associated with
chronic health conditions

Alfano et al.
(51)

315 Breast cancer 6–
18months

ChT, RT vs healthy
controls

Higher TNF-alpha and IL-6 in treated patients

Onyema et
al. (15)

21 Breast cancer 6 months ChT, RT vs healthy
controls

Decrease in number of T cells and accumulation of CD28− CD57+ CD8+ T
cells in treated patients

Sehl et al.
(52)

72 Breast cancer 18 months Pre- vs post-RT or
ChT+RT

Increased senescent T cells and epigenetic aging after treatment

Fagnoni
et al. (53)

120 Breast cancer 3–5 years ChT + HSCT vs
healthy controls

Decrease in number of naive T-cells and higher percentage of CD28− T
cells in cancer survivors

Sanoff et al.
(54)

33 Breast cancer 3-12
months

Post-ChT vs pre-ChT Higher p16INK4a expression in CD3+ cells after ChT

Wood et al
(55).

63 Hematologic malignancies 6 months Pre- vs post-
allogeneic or
autologous HSCT

Higher p16INK4a expression in CD3+ cells after HSCT, higher p16INK4a
expression in allogeneic vs autologous HSCT

Bruni et al.
(56)

58 Colorectal cancer ns ChT-treated vs naive
patients vs healthy
controls

Increase in terminally differentiated TEMRA Vd2pos T cells (CD27−, CD57+)
in ChT-treated patients

Laznickova
et al. (57)

36 Neuroblastoma 1–4years
vs
>5years

ChT, RT, HSCT vs
healthy controls

Lower frequency of naıve CD8+ T and higher percentage of CD57+ memory
T cells 1–4 years after treatment. At later time point (>5 years), T cell ratio
was restored

Bourlon
et al. (58)

16 Testicular cancer 3–192
months

ChT vs healthy
controls

Lower percentage of T-cells, higher number of senescent (CD57+) T-cells
and higher p16INK4a expression in CD3+ cells of cancer survivors
ChT, chemotherapy; RT, radiotherapy; HSCT, hematopoietic stem cell transplantation; ns, not specified.
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more severe, depression in TC survivors than population norms
(73). Cancer-related stress symptomatology such as post-
traumatic stress disorder (PTSD) is among the long‐term
psychological effects of TC. This disorder includes intrusive
ideation, hyper activation, re-experimentation, and avoidance.
Dahl et al. observed PTSD in 10.9% of long-term TC survivors at
an average of 11 years after diagnosis (75). Psychological stress is
known to modulate the immune response and can partially
suppress certain aspects of immune function (76, 77).
Psychological distress and morbidity in both cancer survivors
and the general population can lead to negative changes in bio-
behavioral responses (78), inducing detrimental effects on
immune health and function and immunological aging
(79, 80). In particular, chronic stress, emotional distress, and
social difficulties are associated with increased sympathetic
nervous system signaling, hypothalamic pituitary adrenal axis
dysregulation, inflammation, and decreased cellular immunity.
These alterations in physiological adaptation systems are
important risk factors for the development and progression of
a wide range of physical and mental disorders (14, 79, 81–83).

In a meta-analysis, Segerstrom and Miller found that
psychological strain or stress modifies the capacity and
regulation of the immune response system and that the
consequences of the stressful event vary on the basis of
temporal parameters (acute vs. chronic) and the type of event
(trauma vs. loss) (84). Stressful life events and associated negative
emotions such as anxiety and depression affect the immune
response by altering the sensitive interaction between the
central nervous and hormonal systems and the immune
system itself (85–88). Prolonged psychological stress appears to
be correlated with cellular aging, inducing characteristic
senescence features such as increased oxidative stress, reduced
telomere length, chronic exposure to glucocorticoids, decreased
thymus, changes in cell trafficking, decreased cell-mediated
immune response, steroid resistance, and chronic low-grade
inflammation (14, 89, 90).

Another important aspect of the relationship between cancer-
derived psychological distress and immune system alterations is the
fact that exposure to a traumatic event may increase the risk of
psychiatric disorders and psychopathological suffering. It is believed
that inflammation, one of the hallmarks of immunosenescence,
contributes to this (91–93).

Recently, some studies have shown a clear association
between PTSD and accelerated cellular senescence, as indicated
by decreased telomere length, increased levels of inflammatory
cytokines, enhanced T cell responses, a lower frequency of naïve
CD8+ T-cells, and a rise in central memory and effector CD8+ T
cells (94–96). In addition, symptoms of PTSD have been shown
to more frequently associated with an aged immune phenotype
characterized by a higher effector memory to naïve CD4+ and
CD8+ T cell ratio (96–98).

The relationship between the psychological distress of TC
survivors and changes in the immune system has not been widely
investigated. However, given that cancer is undoubtedly one of
the most stressful events in a person’s life, placing demands on
psychological adaptation during treatment and also throughout
Frontiers in Oncology | www.frontiersin.org 5
cancer survivorship (99), studies focusing on the correlation
between psychological distress and immunosenescence in TC
survivors are warranted.
STRESS-INDUCED
IMMUNOSENESCENCE IN TESTICULAR
CANCER SURVIVORS

TC survivors have an increased risk to suffer of late adverse
events, including hypogonadism, infertility, metabolic
syndromes, neurotoxicity, lower cognitive functions, reduced
renal function, heart disease, and secondary cancers (100).

Although cisplatin-based chemotherapy is highly effective
against TC, its long-term negative effects on healthy tissue
have also been reported. In fact, whilst plasma platinum levels
show a rapid decline from 1 to 3 years after chemotherapy,
platinum has also been detected in the blood up to 20 years after
treatment. In TC survivors, platinum concentrations correlated
with the cisplatin dose used during therapy have been associated
with neurotoxicity and other long-term adverse consequences
(101–103). Within this context, it is important to underline the
importance of the effects of treatment on a physical level (104),
including erectile dysfunction (105), reduction in sexual activity
(106), and loss of desire (107). In particular, a correlation
between previous chemoradiotherapy and radiotherapy and
the risk of erectile dysfunction was recently confirmed by a
Danish study on a cohort of 2,260 TC survivors (108). As
chemotherapy has a greater impact on Leydig cells than
surgery or radiotherapy, TC survivors have a higher risk of
hypogonadism (with increasing serum luteinizing hormone
concentrations and decreasing serum testosterone levels) (109).
A Norwegian study identified four risk factors for the
development of hypogonadism, i.e. orchiectomy, testicular
dysgenesis syndrome, treatment after orchiectomy, and aging
(110). This risk was higher in the cohort undergoing
chemotherapy than in other cohorts, with luteinizing hormone
(LH) levels remaining very high in the former at 20 years.
Moreover, the alteration in testosterone and LH levels
accelerated over time, leading to the hypothesis of a reduced
reserve capacity that worsens as time passes (110).

Hypogonadism also increases the risk of developing
metabolic syndrome, including cardiovascular complications
and diabetes, which appears to be greater after combination
therapy (chemo-radiotherapy) (111, 112). Research is currently
underway to evaluate the impact of testosterone administration
in long-term TC survivors, but results are still somewhat
discordant (113–116).

Moreover, studies focusing on the risk of developing diabetes
have reported a potential correlation between low testosterone
levels and changes in the immune system. In fact, lower
testosterone levels are associated with central adiposity and
insulin resistance (117), both of which are frequently involved
in inflammatory and oxidative processes and endothelial
dysfunction. Liao et al. demonstrated that testosterone levels
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inhibit inflammation mechanisms (including the TNF-pathway),
leading to a modulation of endothelial cell function and
promoting wound-healing and angiogenesis. A fundamental
role is played by the androgen receptor in this process (118).
However, its relationship with metabolic syndrome is unclear
(119, 120). Inflammatory states and stress may also be important
conditions that lead to cytokine secretion (in particular, IL-6 and
CRP), with a subsequent impact on aging. Maggio et al.
hypothesized a correlation between low testosterone levels and
increased secretion of pro-inflammatory cytokines in the genesis
and maintenance of chronic diseases (121).

Several studies have been carried out to evaluate the
correlation between treatment-related immunosenescence and
the risk of a second cancer in TC survivors, some confirming a
higher risk in patients undergoing chemotherapy and
radiotherapy than in those treated with surgery alone. Second
tumors have mainly been found in organs anatomically near
pelvis (122–124) probably related to their closeness to radiation
fields or to platinum residue in urothelial tissue. Conversely,
cases of secondary leukemia may be related to platinum-
dependent alterations in the bone marrow (125). Together with
accumulated psychological stress, such factors could influence
the aging of the immune system in TC survivors.
CONCLUSIONS AND PERSPECTIVES

Cancer therapies are life-saving for countless patients but are also
associated with side-effects (some long-term) on aging and on
the immune system that may be responsible for multiple
morbidities (13). Whilst platinum-based therapies are
extremely efficacy for recurrent or metastatic TC, platinum is
still detectable in the plasma of patients up to 20 years after
treatment and it could have deleterious consequence on the
organism (101–103). Moreover, also the psychological distress
caused by challenges faced during the course of the disease are
Frontiers in Oncology | www.frontiersin.org 6
able to induce the onset of an early-aging phenotype and a
decline of the immune system (14). TC survivors struggle with
high rates of anxiety and PTSD (73–75) and with the effect of
adverse events such as hypogonadism, metabolic disorder, and
second malignancies (100). Thus, a better understanding of
immunosenescence and of its molecular mechanisms is needed
to improve therapeutic options and mitigate their late-effects on
cancer patients. Features of senescence involving the adaptive
immune response have been reported in TC survivors treated
with three or more cycles of chemotherapy (58), however, the
overall picture of the long-term effect of current TC management
on the immune system is still incomplete. Other studies are
needed to address how psychological stress caused by the
diagnosis and treatment of a life-threatening disease could
affect the immune system. Numerous other molecular aspects
accelerating the aging process could also be studied in this cancer
setting. A better comprehension of immunosenescence in the
general population and of its causes and effects in cancer patients
is desirable, hoping to shed the light to some events that could be
improved to ameliorate the management of TC survivors.
Further research is warranted to identify factors associated
with immune aging, late complications and stress in TC
survivors, and screening programs should be inserted into
follow-up programs.
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involved in the aging of the T-cell immune response. Curr Genomics (2012)
13(8):589–602. doi: 10.2174/138920212803759749

28. Barbouti A, Vasileiou PVS, Evangelou K, Vlasis KG, Papoudou-Bai A,
Gorgoulis VG, et al. Implications of Oxidative Stress and Cellular
Senescence in Age-Related Thymus Involution. Oxd Med Cell Longev
(2020) 2020:7986071. doi: 10.1155/2020/7986071

29. Plunkett FJ, Franzese O, Finney HM, Fletcher JM, Belaramani LL, Salmon M,
et al. The loss of telomerase activity in highly differentiated CD8+CD28–
CD27– T cells is associated with decreased Akt (Ser473) phosphorylation.
J Immunol (2007) 178:7710–9. doi: 10.4049/jimmunol.178.12.7710

30. Campisi J. Aging, cellular senescence, and cancer. Annu Rev Physiol (2013)
75:685–705. doi: 10.1146/annurev-physiol-030212-183653

31. Liu Y, Sanoff HK, Cho H, Burd CE, Torrice C, Ibrahim JG, et al. Expression
of p16INK4a in peripheral blood T-cells is a biomarker of human aging.
Aging Cell (2009) 8:439–48. doi: 10.1111/j.1474-9726.2009.00489.x

32. Callender LA, Carroll EC, Beal RWJ, Chambers ES, Nourshargh S, Akbar
AN, et al. Human CD8+ EMRA T cells display a senescence-associated
Frontiers in Oncology | www.frontiersin.org 7
secretory phenotype regulated by p38 MAPK. Aging Cell (2018) 17(1):
e12675. doi: 10.1111/acel.12675

33. Frasca D, Diaz A, Romero M, Blomberg BB. Human Peripheral Late/
Exhausted Memory B Cells Express a Senescent-Associated Secretory
Phenotype and Preferentially Utilize Metabolic Signaling Pathways. Exp
Gerontol (2017) 87(Pt A):113–20. doi: 10.1016/j.exger.2016.12.001

34. Qi Q, Liu Y, Cheng Y, Glanville J, Zhang D, Lee JY, et al. Diversity and clonal
selection in the human T-cell repertoire. Proc Natl Acad Sci U S A (2014) 111
(36):13139–44. doi: 10.1073/pnas.1409155111

35. Strioga M, Pasukoniene V, Characiejus D. CD8+ CD28- and CD8+ CD57+
T cells and their role in health and disease. Immunology (2011) 134(1):17–
32. doi: 10.1111/j.1365-2567.2011.03470.x

36. Vallejo AN. CD28 extinction in human T cells: altered functions and the
program of T-cell senescence. Immunol Rev (2005) 205:158–69. doi:
10.1111/j.0105-2896.2005.00256.x

37. Henson SM, Franzese O, Macaulay R, Libri V, Azevedo RI, Kiani-Alikhan S,
et al. KLRG1 signaling induces defective Akt (ser473) phosphorylation and
proliferative dysfunction of highly differentiated CD8+ T cells. Blood (2009)
113(26):6619–28. doi: 10.1182/blood-2009-01-199588

38. Pangrazzi L, Reidla J, Carmona Arana JA, Naismith E, Miggitsch C, Meryk
A, et al. CD28 and CD57 define four populations with distinct phenotypic
properties within human CD8(+) T cells. Eur J Immunol (2020) 50(3):363–
79. doi: 10.1002/eji.201948362

39. Weinberger B, Lazuardi L, Weiskirchner I, Keller M, Neuner C, Fischer KH,
et al. Healthy aging and latent infection with CMV lead to distinct changes in
CD8+ and CD4+ T-cell subsets in the elderly. Hum Immunol (2007) 68
(2):86–90. doi: 10.1016/j.humimm.2006.10.019

40. Weng NP, Akbar AN, Goronzy J. CD28(–) T cells: their role in the age-
associated decline of immune function. Trends Immunol (2009) 30:306–12.
doi: 10.1016/j.it.2009.03.013

41. Uciechowski P, Kahmann L, Plumakers B, Malavolta M, Mocchegiani E,
Dedoussis G, et al. TH1 and TH2 cell polarization increases with aging and is
modulated by zinc supplementation. Exp Gerontol (2008) 43:493–8. doi:
10.1016/j.exger.2007.11.006

42. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature (2006) 439(7077):682–7. doi: 10.1038/nature04444

43. Della Bella S, Bierti L, Presicce P, Arienti R, Valenti M, Saresella M, et al.
Peripheral blood dendritic cells and monocytes are differently regulated
in the elderly. Clin Immunol (2007) 122:220–8. doi: 10.1016/j.clim.
2006.09.012

44. Butcher SK, Chahal H, Nayak L, Sinclair A, Henriquez NV, Sapey E, et al.
Senescence in innate immune responses: reduced neutrophil phagocytic capacity
and CD16 expression in elderly humans. J Leukoc Biol (2001) 70:881–6.

45. Solana R, Campos C, Pera A, Tarazona R. Shaping of NK cell subsets by
aging. Curr Opin Immunol (2014) 29:56–61. doi: 10.1016/j.coi.2014.04.002

46. Garg SK, Delaney C, Toubai T, Ghosh A, Reddy P, Banerjee R, et al. Aging is
associated with increased regulatory T-cell function. Aging Cell (2014)
3):441–8. doi: 10.1111/acel.12191

47. Verschoor CP, Johnstone J, Millar J, DorringtonMG, Habibagahi M, Lelic A,
et al. Blood CD33(+)HLA-DR(-) myeloid-derived suppressor cells are
increased with age and a history of cancer. J Leukoc Biol (2013) 93
(4):633–7. doi: 10.1189/jlb.0912461

48. Lee GH, Hong KT, Choi JY, Shin HY, Lee WW, Kang HJ. Immunosenescent
characteristics of T cells in young patients following haploidentical
haematopoietic stem cell transplantation from parental donors. Clin
Transl Immunol (2020) 9(4):e1124. doi: 10.1002/cti2.1124

49. Smitherman BA, Wood WA, Mitin N, Ayer Miller VL, Deal AM, Davis IJ,
et al. Accelerated aging among childhood, adolescent, and young adult
cancer survivors is evidenced by increased expression of p16INK4a and
frailty. Cancer (2020) 126(22):4975–83. doi: 10.1002/cncr.33112

50. Song N, Li Z, Qin N, Howell CR, Wilson CL, Easton J, et al. Shortened
Leukocyte Telomere Length Associates with an Increased Prevalence of
Chronic Health Conditions among Survivors of Childhood Cancer: A
Report from the St. Jude Lifetime Cohort. Clin Cancer Res (2020) 26
(10):2362–71. doi: 10.1158/1078-0432.CCR-19-2503

51. Alfano CM, Peng J, Andridge RR, Lindgren ME, Povoski SP, Lipari AM,
et al. Inflammatory cytokines and comorbidity development in breast cancer
January 2021 | Volume 10 | Article 564346

https://doi.org/10.1001/jama.299.6.672
https://doi.org/10.1001/jama.299.6.672
https://doi.org/10.1093/annonc/mdm472
https://doi.org/10.1136/esmoopen-2017-000250
https://doi.org/10.1111/j.1749-6632.2008.03966.x
https://doi.org/10.1111/j.1749-6632.2008.03966.x
https://doi.org/10.1186/s13148-018-0561-5
https://doi.org/10.1002/cncr.31943
https://doi.org/10.1016/S0047-6374(98)00029-3
https://doi.org/10.1038/nri3547
https://doi.org/10.1038/nri3547
https://doi.org/10.1186/s12948-017-0077-0
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.3389/fimmu.2017.01960
https://doi.org/10.3390/cells8010019
https://doi.org/10.1002/smi.2607
https://doi.org/10.1038/25374
https://doi.org/10.2174/138920212803759749
https://doi.org/10.1155/2020/7986071
https://doi.org/10.4049/jimmunol.178.12.7710
https://doi.org/10.1146/annurev-physiol-030212-183653
https://doi.org/10.1111/j.1474-9726.2009.00489.x
https://doi.org/10.1111/acel.12675
https://doi.org/10.1016/j.exger.2016.12.001
https://doi.org/10.1073/pnas.1409155111
https://doi.org/10.1111/j.1365-2567.2011.03470.x
https://doi.org/10.1111/j.0105-2896.2005.00256.x
https://doi.org/10.1182/blood-2009-01-199588
https://doi.org/10.1002/eji.201948362
https://doi.org/10.1016/j.humimm.2006.10.019
https://doi.org/10.1016/j.it.2009.03.013
https://doi.org/10.1016/j.exger.2007.11.006
https://doi.org/10.1038/nature04444
https://doi.org/10.1016/j.clim.2006.09.012
https://doi.org/10.1016/j.clim.2006.09.012
https://doi.org/10.1016/j.coi.2014.04.002
https://doi.org/10.1111/acel.12191
https://doi.org/10.1189/jlb.0912461
https://doi.org/10.1002/cti2.1124
https://doi.org/10.1002/cncr.33112
https://doi.org/10.1158/1078-0432.CCR-19-2503
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


De Padova et al. Immunological Aging in Testicular Cancer Survivors
survivors versus noncancer controls: evidence for accelerated aging? J Clin
Oncol (2016) 34:149–56. doi: 10.1200/JCO.2016.67.1883

52. Sehl ME, Carroll JE, Horvath S, Bower JE. The acute effects of adjuvant
radiation and chemotherapy on peripheral blood epigenetic age in early
stage breast cancer patients. NPJ Breast Cancer (2020) 6:23. doi: 10.1038/
s41523-020-0161-3. eCollection 2020.

53. Fagnoni F, Lozza L, Zambelli A, Ponchio L, Gibelli N, et al. T-cell dynamics
after high-dose chemotherapy in adults: elucidation of the elusive CD8+
subset reveals multiple homeostatic T-cell compartments with distinct
implications for immune competence. Immunology (2002) 106(1):27–37.
doi: 10.1046/j.1365-2567.2002.01400.x

54. Sanoff HK, Deal AM, Krishnamurthy J, Torrice C, Dillon P, Sorrentino J,
et al. Effect of cytotoxic chemotherapy on markers of molecular age in
patients with breast cancer. J Natl Cancer Inst (2014) 106(4):dju057. doi:
10.1093/jnci/dju057

55. Wood WA, Krishnamurthy J, Mitin N, Torrice C, Parker JS, Snavely AC,
et al. Chemotherapy and Stem Cell Transplantation Increase p16INK4a
Expression, a Biomarker of T-cell Aging. EBioMedicine (2016) 11:227–38.
doi: 10.1016/j.ebiom.2016.08.029

56. Bruni E, Cazzetta V, Donadon M, Cimino M, Torzilli G, Spata G, et al.
Chemotherapy accelerates immune-senescence and functional impairments of
Vd2pos T cells in elderly patients affected by liver metastatic colorectal cancer.
J Immunother Cancer (2019) 7(1):347. doi: 10.1186/s40425-019-0825-4
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